A human corneal epithelial cell line, 10.014 pRSV-T (HCE-T cells), has been used to develop a three-dimensional in vitro model of the human comeal epithelium (HCE-T model). HCE-T cells form a stratified culture when grown at the air-liquid interface on a collagen membrane in serum-free medium. This model served as the basis for assays which supported the ocular irritancy assessment of water-soluble test substances. In vitro assays used were transepithelial permeability to sodium fluorescein (TEP) and transepithelial electrical resistance (TER). These measured alterations in the barrier function of this comeal epithelial equivalent Barrier function is a well-developed property in the HCE-T model that supports the mechanistic relevance of these assays. In vitro data, averaged from replicate assays, were compared to respective Drake rabbit eye irritation data from the publicly available ECETOC and CTFA databases using linear regression with Pearson's correlation analysis. For chemicals, Pearson's correlation coefficients, r, from comparisons of Draize maximum average scores (MAS) to TEP and TER data were 0.71 and 0.55, respectively. For product formulations, Pearson's correlation coefficients from comparisons of Draize MAS to TEP and TER data were 0.86 and 0.80, respectively. Data indicated that barrier function alterations in the HCE-T model correlated with ocular irritancy and comeal toxicity. While the irritancy of the chemicals tested was effectively assessed only by the TEP assay,
Evaluation of a Human Corneal Epithelial Cell Line as an in Vitro Model for Assessing Ocular Irritation. KRUSZEWSKI, F. H., WALKER, T. L., AND DIPASQUALE, L. C. (1997) . Fundam. Appl. Toxicol. 36, [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] A human corneal epithelial cell line, 10.014 pRSV-T (HCE-T cells), has been used to develop a three-dimensional in vitro model of the human comeal epithelium (HCE-T model). HCE-T cells form a stratified culture when grown at the air-liquid interface on a collagen membrane in serum-free medium. This model served as the basis for assays which supported the ocular irritancy assessment of water-soluble test substances. Cellular alterations in the HCE-T model were measured following 5-min topical exposures to 20 chemicals [listed in the European Center for Ecotoxicology and Toxicology of Chemicals (ECETOC) Reference Chemicals Data Bank] and 25 surfactant-based product formulations [utilized in the Cosmetic, Toiletry, and Fragrance Association (CTFA) Alternatives Program Phase HI]. In vitro assays used were transepithelial permeability to sodium fluorescein (TEP) and transepithelial electrical resistance (TER). These measured alterations in the barrier function of this comeal epithelial equivalent Barrier function is a well-developed property in the HCE-T model that supports the mechanistic relevance of these assays. In vitro data, averaged from replicate assays, were compared to respective Drake rabbit eye irritation data from the publicly available ECETOC and CTFA databases using linear regression with Pearson's correlation analysis. For chemicals, Pearson's correlation coefficients, r, from comparisons of Draize maximum average scores (MAS) to TEP and TER data were 0.71 and 0.55, respectively. For product formulations, Pearson's correlation coefficients from comparisons of Draize MAS to TEP and TER data were 0.86 and 0.80, respectively. Data indicated that barrier function alterations in the HCE-T model correlated with ocular irritancy and comeal toxicity. While the irritancy of the chemicals tested was effectively assessed only by the TEP assay, that for the surfactant-based product formulations was effectively assessed by both the TEP and TER assays. Results also suggested that the HCE-T TEP and TER assays vary in their effectiveness for evaluating specific classes of test materials. *> 1997 sodety or Toiicotop.
An in vitro model of the human corneal epithelium was evaluated in this study to understand its potential to serve ' To whom correspondence should be addressed at Gillette Medical Evaluation Laboratories, The Gillette Company, 401 Professional Dr., Gaithersburg, MD 20879. Fax: (301) 590-1535. E-mail: frankruszewski@gillette.com. as a screen for the ocular toxicity of water-soluble test agents. This model was developed in our laboratory, and it is based on the human corneal epithelial cell line 10.014 pRSV-T (Kahn et al., 1993; Kruszewski et al., 1995a) . The expectations that we have for this model are for it to serve as a basis for the development of alternatives to animal testing and for methods that provide mechanistic information on ocular toxicity. It is anticipated that this human cell model will be useful in supporting the safety assessment of consumer products and their ingredients.
There is currently an increasing worldwide concern for the development of alternatives to the Draize test (McCulley and Stephens, 1993) . The Draize rabbit eye irritation test (Draize et al., 1944) has been a long-standing and widely accepted standard source for eye irritation data (reviewed in Chan and Hayes, 1994; Daston and Freeberg, 1991) . This test evaluates ocular irritation by considering the clinical changes in the anterior eye tissues, the cornea, conjunctiva, and the iris. In support of alternative test development, there have been numerous major programs by industry and government which have evaluated diverse test systems for their ability to predict Draize test data. A number of these programs (Bagley et al, 1994; Balls et ai, 1995; Gettings et al., 1996; Sina et al., 1995) have included tests based on animal ocular tissue (bovine cornea, chicken and rabbit enuceated eye, rabbit corneal cells, both primary and cell line) or nonocular human cell cultures (keratinocytes, dermal fibroblasts). A test based on human ocular tissue was not represented in these or other similar evaluations, and this underscored the current general lack of human ocular cellbased models for supporting the assessment of ocular irritancy. Human cell in vitro models are likely to be useful for this purpose since they may approximate the range of species-specific cellular targets, chemical metabolic profiles, and responses to toxic injury that occur in the intact target organ (McQueen et al., 1992) .
Our rationale for pursuing the development of a human ocular cell-based in vitro alternative was to provide a tissuespecific model for assessing chemically induced ocular irritation by monitoring in vitro toxicity in an anterior eye tissue, the cornea! epithelium. However, our interest was also to provide a species-specific model which should by its very nature afford the potential to express mechanistically relevant responses that can be used for predicting human ocular toxicity. These objectives address the recently stated needs for mechanism-based (Balls et al, 1990; Frazier, 1994) and human cell-based tests (Kruszewski et al, 1995a ; Technical Committee on Alternatives to Animal Testing, ILSI, 1996) for supporting in vitro toxicology and human risk assessment.
The human cell line 10.014 pRSV-T used in our model was derived from the transfection of primary human corneal epithelial cells (HCE) obtained from a single donor cornea, and it has stably retained its epithelial morphology and phenotype (Kahn et al, 1993; Kruszewski et al, 1995a) . A significant feature of this cell line is its extended life span in culture of 20-24 passages, which has established its utility in supporting an in vitro model. In the present study, this cell line is referred to as "HCE-T" (human comeal epithelial cells-transfected), and the in vitro model it comprises is termed the "HCE-T model." While other human corneal epithelial cell lines have been isolated (Araki-Sasaki et al, 1995) , substantial toxicological applications with them have not been reported. The corneal epithelium is an appropriate structure for the development of an in vitro alternative test for assessing ocular irritancy because this tissue provides a primary functional barrier to toxicant penetration of the eye (Daston and Freeberg, 1991; Hackett and McDonald, 1991) . Indeed, the Draize test score is largely based on corneal responses, where weighted corneal response factors comprise approximately 75% of the total score (Draize et al, 1944) .
The HCE-T model represents a three-dimensional culture of HCE-T cells grown on a collagen membrane to provide a species-and tissue-specific equivalent of the human corneal surface in vivo. These HCE-T cultures are grown in an "airlifted" format, where they are basally exposed to media and their apical surface is exposed to air and remains moist (Kruszewski et al., 1995a) . In the HCE-T model, cells stratify into four to six cell layers, similar to the corneal epithelium in vivo.
The HCE-T model provides an appropriate tissue equivalent upon which to develop relevant in vitro methods to evaluate the damage to corneal epithelial cells induced by chemical toxicants. Because the corneal epithelium in vivo serves as a functional barrier to toxicant entry into the eye, disruption of the integrity of this tissue property was determined to be a relevant end point around which to structure toxicological evaluations with the HCE-T model. Methods used to evaluate the functional integrity of this corneal model were the measurements of transepithelial permeability to sodium fluorescein (TEP) and transepithelial electrical resistance (TER) (Kruszewski et al, 1995a) . Transepithelial permeability using sodium fluorescein is appropriate since this compound has been shown to be a useful indicator of the integrity of corneal barrier function (Maurice and Singh, 1986) . Fluorescein permeability monitors the general barrier function of the cellular plasma membranes and intercellular adhesions (Tchao, 1988) . Transepithelial electrical resistance is indicative of tight junction formation between epithelial cells (Cereijido et al., 1993) . Its relevance for in vitro analysis is supported by the fact that elevated transepithelial electrical resistance is a characteristic of the intact human and animal cornea (Maurice, 1984) , and reduced resistance in the cornea is indicative of the disruption of barrier function by surfactant exposures (Carter et al., 1973; Green, 1976) . Previous studies in our laboratory have shown that the barrier properties established by HCE-T cells are comparable to those of normal human corneal epithelial cells when similarly cultured Ward et al., 1994) .
In the present study, the disruption of corneal barrier function by chemical irritants was evaluated based on the analysis of TEP and TER in the HCE-T model. Twenty chemicals from the ECETOC Eye Irritation Reference Chemicals Data Bank (ECETOC, 1992) and 25 surfactant-based product formulations from the CTFA Evaluation of Alternatives Program Phase III (Gettings et al, 1996) were tested. TEP and TER data were compared to corresponding Draize data, which were publicly available. Evaluations were conducted to determine the potential of these in vitro protocols to model corneal toxicity and eye irritancy and to serve as predictive tools for assessing ocular irritation by specific classes of water-soluble test samples. The hypothesis tested in the present study was that the degree of barrier function alterations induced by topical application of water-soluble test substances to stratified human corneal epithelial cell cultures would correlate with ocular irritancy. In addition, the results of the TEP and TER assays were reviewed for their ability to provide useful information on the in vitro toxicity induced by specific classes of test materials. Preliminary reports of this work have been presented at recent symposia (Kruszewski etal, 1995b (Kruszewski etal, , 1996 .
MATERIALS AND METHODS

Donor material
Human donor corneas stored in McCarey-Kaufman, Optisol, or Dexsol storage media at 4°C were obtained from the Maryland Eye Bank (Baltimore, MD). No restrictions were placed on the age of the donor.
Celt culture. The human comeal epithelial cell line used in this study, 10.014 pRSV-T, was one of several transfected human corneal epithelial cell lines generated in our laboratory. It was derived from primary HCE cells that were obtained from a single donor cornea supplied by the Maryland Eye Bank (Kahn et al., 1993) . HCE were transfected using Lipofectin Reagent (Life Technologies, Grand Island, NY) and the SV40 large T antigen plasmid pRSV-T, as previously described (Kahn et al., 1993) . 10.014 pRSV-T are referred to as HCE-T cells, and they retain characteristic comeal epithelial morphology and phenotype. HCE-T cells have an extended life span relative to HCE cultures, i.e., 20-24 passages compared with 3-5 passages, respectively. The human origin of this cell line has been verified through characterization of its isozyme profile and karyotype (Cell Culture Laboratory, Children's Hospital of Michigan, Detroit, MI). This cell line is aneuploid, with a modal chromosome number of 84.
An in vitro, three-dimensional model for the human comeal epithelium was established by culruring HCE-T cells on collagen membrane inserts (Cellagen, ICN, Cleveland, OH) at the air-liquid interface, in medium (ECETOC, 1992) .
* Represents the average FRgj from replicate TEP assays. The FR^ is the concentration (% of starting material) at which the test material causes the fluorescein retention to decrease to 85% relative to the negative control.
c Represents the average R K from replicate TER assays. The R K is the concentration (% of starting material) at which the test material causes the electrical resistance to decrease to 50% relative to the negative control. KGM (Clonetics, San Diego, CA), which was antibiotic-free and serumfree and contained 1.15 mM CaCl 2 (high-calcium KGM). Cultures were grown at 37°C in an atmosphere of 90% humidity and 5% CO 2 , and culture medium was changed every 2 to 3 days. These airlifted HCE-T cultures are referred to as the HCE-T model. To support in vitro assays, the standard preparation of the HCE-T model was as follows: cells were grown submerged on 14-mm Cellagen inserts in 24-well tissue culture plates (Falcon, Becton-Dickinson, Lincoln Park, NJ) in KGM containing 0.15 mM CaCl 2 (low-calcium KGM) for the first 3 days; cultures were then grown airlifted in high-calcium KGM until Day 7 of growth; cultures were subjected to treatments (see below) with test materials on Day 7 of growth.
Histology. Tissues and cell cultures were fixed for 2 hr at room temperature in 2.5% glutaraldehyde in phosphate-buffered saline (PBS) followed by storage in 10% formalin in PBS. They were then embedded in glycol methacrylate, sectioned at 8 to 10 fivn, and stained with hematoxylin and eosin using standard procedures.
Test materials. Twenty chemicals were tested, and they are listed in Table 1 . All of these are included in the ECETOC Eye Irritation Reference Chemicals Data Bank (ECETOC, 1992) . Test chemicals were procured from local commercial sources (Aldrich Chemical, Fisher Scientific, and Sigma Chemical) as compounds of known purity, the quality of which matched that stated by ECETOC. They were chosen for evaluation in the present study because they are water soluble, they represent several chemical classes, and they are known to produce a broad range of Draize eye test maximum average scores. The chemicals tested represented three subsets of sample types which were alcohols (n = 6), surfactants (n = 7), and an "other" class (n = 7) that consisted of acids, bases, and acetates. Twentyfive surfactant-based product formulations were also tested, and they are listed in Table 2 . These represented the complete sample set evaluated in the CTFA Evaluation of Alternatives Program Phase III (Gettings et al, 1996) . They were obtained from the CTFA (Washington, DC). They were chosen for evaluation in the present study because they are water-soluble formulations with existing Draize eye test data, and they consisted of a mixed group of representative personal care products which included a subset of 12 shampoos.
In vivo data. Draize rabbit eye irritation test data for chemicals were obtained from the ECETOC Eye Irritation Reference Chemicals Data Bank (ECETOC, 1992). Draize rabbit eye irritation test data for surfactant-based product formulations were obtained from the CTFA Evaluation of Alternatives Program Phase III (Gettings et al, 1996) . The items referenced from (Gettings et al, 1996) . The asterisks (*) indicate those test materials which were diluted to 25% (w/v) with distilled water prior to testing. * The Draize rabbit eye irritation test, maximum average scores (MAS) were obtained from the CTFA Evaluation of Alternatives Program Phase m (Gettings et al, 1996) .
c Represents the average FR U from replicate TEP assays. The FR U is the concentration (% of starting material) at which the test material causes the fluorescein retention to decrease to 85% relative to the negative control. ** Represents the average R x from replicate TER assays. The R x is the concentration (% of starting material) at which the test material causes the electrical resistance to decrease to 50% relative to the negative control. these Draize data sets included the maximum average score (MAS), whole comea subscore, all individual tissue scores, and "days to clear." The MAS is a summary value defined as the highest of the total scores that represent each time of observation. The MAS for the ECETOC samples used in this study, unlike those for the CTFA samples, do not represent observation times of less than 24 hr of instillation. Consequently, the summary value for ECETOC samples is actually a modified maximum average score (MMAS). However, the MMAS has here been referred to as a MAS to facilitate discussion in this paper.
In vitro treatment with test materials. The starting concentrations of the materials tested in vitro were the same concentrations as those used to generate the respective Draize data which were referenced for the analyses in this study. Test samples were diluted over at least a three log range in high-calcium KGM to support the generation of concentration-response data with the HCE-T model. For each test material, treatment was performed by applying a 100-^1 aliquot of test agent to the apical surfaces of triplicate cultures, while the basal side was submerged in 1.0 ml of KGM. Triplicate negative control cultures received 100 /JI high-calcium KGM to their apical surface. All cultures were incubated for 5 min at 37°C, followed by three rinses with Dulbecco's PBS (Life Technologies). Cultures were then immediately subjected to an evaluation of transepithelial permeability to sodium fluorescein, and evaluation of transepithelial electrical resistance was performed 26 hr later. The 5-min in vitro treatment period was chosen to approximate the generally brief duration of human eye contact to chemicals which occurs during accidental exposures. It was also selected to support the acquisition of graded in vitro responses over a broad concentration range of test agent.
Transepithelial permeability assay. Sodium fluorescein [0.02% (w/v) in high-calcium KGM base medium without the growth supplements, 200 /jl] was added to the apical surface of the HCE-T cultures and the insertonly control (Cellagen without cells), which were basally submerged in 1.25 ml of high-calcium KGM. The cultures and inserts were incubated at 37°C for 30 min, and they were then segregated from their basal media. While the cultures and inserts were processed as mentioned below, the optical densities (OD) of the basal media were measured at 490 nm. OD measurements were accomplished by transferring 200-/il aliquots from each basal medium sample to a 96-well plate and reading the OD on a plate reader (Dynatech Labs, Chantilly, VA). Transepithelial permeability was expressed as the percentage of fluorescein retained on the apical side of the HCE-T model, i.e., fluorescein retention. While minimal retention was associated with the insert-only control, maximal retention was associated with the negative control (culture treated with high-calcium KGM only). TEP was expressed as percentage retention of sodium fluorescein relative to the negative control (% of control), which was calculated as % of control = % retention at each dilution % retention of negative control where % retention = 1 -OD of HCE-T culture medium OD of insert only control medium X 100.
The in vitro responses induced by treatments with test materials were expressed as FR85 values. This value is determined from the concentrationresponse curve based on data from triplicate cultures. The FR85 is the concentration of test material (% of starting material) which causes the fluorescein retention to decrease to 85% relative to the negative control. FR85 was chosen as the standard expression of TEP assay data because it was empirically determined by this laboratory to be the response value which provided optimal correlation to Draize eye irritation data.
The cultures and inserts, subsequent to fluorescein exposure, were transferred to new 24-well plates, and the fluorescein was removed by aspiration. They were rinsed three times with Dulbecco's PBS; 1.0 ml high-calcium KGM was added basally; and they were returned to incubation at 37°C for subsequent TEP analysis 24 hi posttreatment. (These 24-hr TEP data are not shown or discussed since they will be the subject of a future report concerning the posttreatment recovery from cellular alterations.)
Transepithelial electrical resistance assay. Measurements of electrical resistance across the HCE-T model were performed approximately 26 hr after treatment so as to accommodate the collection of 24-hr TEP data. TEP data collection necessitated a 26-hr time point for the TER assay since the TER protocol was not designed to maintain culture sterility. Subsequent to TEP data collection, cultures were rinsed three times with Dulbecco's PBS; 1.0 ml high-calcium KGM was added basally; and they were returned to incubation at 37°C for 2 hr. During this time, cultures were allowed to equilibrate by incubation with fresh medium. Resistance measurements were then taken using an Epithelial Voltohmmeter, EVOM (World Precision Instruments, Sarasota, FL). During resistance measurements, the HCE-T model was exposed to 150 fA PBS on the apical cell surface and 3 ml PBS basally. Transepithelial electrical resistance was defined as ohms cm 2 , with 0.64 cm 2 being the area of the membrane insert. It was calculated as ohms cm 2 = (EVOM reading of HCE-T culture)
-(EVOM reading of insert-only control) X 0.64 cm 2 .
The in vitro responses induced by treatments with test materials were expressed as R50 values. This value is determined from the concentrationresponse curve based on data from triplicate cultures. The R50 is the concentration of test material (% of starting material) which causes the electrical resistance to decrease to 50% relative to the negative control. R50 was chosen as a standard expression of TER assay data because it was empirically determined by this laboratory to be the response value which provided optimal correlation to Draize eye irritation data.
Statistics. FR85 and fl50 values were obtained from concentrationresponse data by simply using those points, on their respective concentration-response curves, related to the specific level of response and then noting their associated concentration value. In vitro and in vivo data sets were compared in semilogarithmic plots so as to accommodate the wide range of in vitro response values. The relationships among the data sets were analyzed using simple linear regression with subsequent calculation of Pearson's correlation coefficient, r (Snedecor and Cochran, 1980) . Correlations of in vitro and in vivo data were conducted using the following Draize data: maximum average score, whole comea subscore, all individual tissue scores, and "days to clear."
RESULTS
Histology of the HCE-T Model
The HCE-T model is a three-dimensional tissue construct that resembles the corneal epithelium in vivo (Fig. 1) . Under the prescribed growth conditions, these air-lifted HCE-T cultures form a stratified and differentiated corneal epithelium equivalent. In this model, cuboidal cells stratify into four to six cell layers, with flattened cells appearing in the apical layer.
Analysis of Barrier Function in the HCE-T Model
Applying TEP and TER as useful measures of relative in vitro toxicity in the HCE-T model necessitates that test materials can induce concentration-dependent responses in barrier function parameters. Figure 2 illustrates the concentrationresponse curves for two representative test materials, 3% tri- 
Transepithelial Permeability Assay
The results of the TEP assay of ECETOC chemicals are summarized in Fig. 3A and those for the CTFA Phase III surfactant-based formulations are in Fig. 3B . The full statistical analysis of their relationships to all Draize data is described in Table 3 . For the ECETOC chemicals tested, the relationship of the FR85 to Draize MAS was described by an r = 0.71. The distribution of points around the regression line was relatively wide, but the outlying points represented all classes of chemicals tested (Fig. 3A) . Also, the most variable in vitro responses were evenly distributed throughout the range of Draize scores represented. These balanced profiles for the data and the reasonable correlation with Draize MAS suggest that the TEP assay was generally effective in modeling the ocular irritation response and the in vivo response of the cornea to this diverse set of chemicals.
For the CTFA formulations tested, the relationship of the FR85 to Draize MAS was described by r = 0.86. The distribution of points around the regression line was relatively close compared to that for the 20 chemicals (Fig. 3B) . The outlying points were evenly distributed across the Draize response range, and the most variable in vitro responses were mostly represented by the lowest Draize scores. This variability suggests that the TEP assay may not discriminate between very mildly irritating surfactant-containing substances. However, the good correlation for this data set indicates that the TEP assay was effective in modeling the ocular irritation response and the in vivo response of the cornea to these surfactant-based formulations.
The data shown in Table 3 provide some insight into the advantages and limitations of the current TEP assay in modeling the component tissue responses described by the Draize test. TEP data from selected small sets of complete shampoo formulations, surfactants, and alcohols correlated with Draize MAS with r values of 0.98, 0.73, and 0.87, respectively, while that from the other chemical class correlated with an r values of 0.65. These relationships indicate that the TEP assay may be most effective in evaluating complete shampoo formulations, very effective in evaluating surfactants and alcohols, and least effective for the general analysis of acids, bases, and acetates. Additional testing of samples in each of these classes will lead to a better understanding of the capabilities of the HCE-T TEP assay. The ability of the TEP assay to successfully model toxicity to the rabbit cornea was substantiated by the reasonable correlations obtained between TEP data from all chemical and formulation sample groups and the Draize whole cornea scores (CS). The correlations of TEP data to the other Draize corneal subscores [opacity (CO) and area (CA)] and all other Draize subscores were variable.
Transepithelial Electrical Resistance Assay
The results of the TER assay of ECETOC chemicals are shown in Fig. 4A and those for the CTFA Phase III surfactant-based formulations are in Fig. 4B . The full statistical analysis of their relationships to all Draize data is described in Table 4 . For the ECETOC chemicals tested, the relationship of the R50 to Draize MAS was described by an r = 0.55. The distribution of points around the regression line was very widely distributed (Fig. 4A) , where the outlying points represented all classes of chemicals tested and were evenly distributed throughout the range of Draize scores. The profile of variability for the in vitro responses generally (Gettings et al, 1996) . The numbers identify the formulations tested, as listed in Table 2 . Dashed lines represent the 95% confidence interval for the in vitro data, and r indicates Pearson's correlation coefficient between the in vitro and in vivo data. Symbols and error bars represent the mean ± SE for results from replicate TEP assays each based on triplicate determinations. Symbols that do not show error bars had error bars smaller than the symbol.
had a similar distribution throughout the range of Draize scores with the exception of two outlying points (sample Nos.
14 and 15) represented by MAS of 36 and 45. Overall, the TER assay was not very effective in modeling the ocular irritation response and the in vivo response of the cornea to this diverse set of chemicals.
For the CTFA formulations tested, the relationship of the #50 to Draize MAS was described by an r = 0.80. The distribution of points around the regression curve was relatively close compared to that for the 20 chemicals, and the outlying points were located throughout the range of Draize scores represented (Fig. 4B) . The variability profile of the " Pearson's correlation coefficients (r) are given. They represent the linear regression analysis between the TEP assay FRj, and Draize data sets for the test materials. The sign of the r value indicates the slope of the regression curve. The FR« is the concentration at which the test material causes the fluorescein retention to decrease to 85% relative to the negative control. The Draize data include the maximum average score (MAS) and the following subscores: whole cornea (CS), corneal opacity (CO), comeal area (CA), iris (I), conjunctival redness (CR), conjunctival chemosis (CC), conjunctival discharge (CD), and days to clear (DTQ as obtained from the ECETOC Eye Irritation Reference Chemicals Data Bank (ECETOC, 1992) and the CTFA Evaluation of Alternatives Program Phase HI (Gettings et at., 1996) .
* The number of test materials of a specific type that were evaluated. c Listed in Table 2 . * Listed in Table 1 . 'These materials represent a subset of those listed in Table 2 , and they have the following identity numbers: 4, 5, 6, 8, 9, 10, 13, 16, 17, 18, 22, and 25. /-These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 2, 4, 6, 10, 14, 16, and 17. 1 These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 1, 3, 13, 18, 19, and 20. * These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 5, 7, 8, 9, 11, 12, and 15. in vitro responses was also balanced over the range of Draize scores. The TER assay was more effective in modeling the ocular irritation response and the in vivo response of the cornea to these surfactant-based formulations than it was for the diverse set of ECETOC chemicals. The data shown in Table 4 provide some insight into the advantages and limitations of the current TER assay in modeling the component tissue responses described by the Draize test. TER data from selected small sets of complete shampoo formulations, surfactants, and alcohols correlated with Draize MAS with r values of 0.84, 0.73, and 0.87, respectively, while that from the other chemical class correlated with an r value of 0.34. These relationships indicate that the TER assay may be most effective in evaluating complete shampoo formulations, very effective in evaluating surfactants and alcohols, and least effective for the general analysis of acids, bases, and acetates. While additional sample testing may improve understanding of these relationships, current results suggest that the TER assay can be successfully applied for evaluating the irritation potential of certain classes of chemicals, specifically, surfactants and alcohols. The ability of the TER assay to successfully model toxicity to the rabbit cornea was substantiated by the reasonable correlations obtained between TER data from the alcohols, surfactants, shampoo subsets, and the formulation sample set and all CS, CO, and CA scores. The correlations of TER data to all other Draize subscores were variable.
DISCUSSION
An in vitro model of the human corneal epithelium was evaluated in the present study to determine its value as an alternative to in vivo safety testing for assessing the ocular irritancy potential of test substances. The HCE-T model is based on the human corneal epithelial cell line 10.014 pRSV-T, which is morphologically and phenotypically similar to normal primary human corneal epithelial cells in culture ( Fig. 1 ; Kruszewski et ai, 1995a) . These features combined with the fact that this corneal epithelial equivalent has welldeveloped epithelial barrier properties indicate the relevance of this model and its potential as the basis for mechanistically based alternative assays. The mechanistic relevance of the HCE-T model was substantiated in this study by the correlation of barrier property disruption in this model with the cornea] responses in the Draize test. These results validated the tissue-specific nature of the HCE-T model by showing that it expresses some functional similarity to the corneal epithelium. The favorable data described in this report emphasized the inherent value of the HCE-T TEP and TER assays as mechanism-based (Frazier, 1994) and human cellbased (Technical Committee on Alternatives to Animal Testing, ILSI, 1996) tests for supporting in vitro toxicology and human risk assessment.
The data in this study generally indicated that the HCE-T TEP and TER assays could effectively model eye irritancy and corneal toxicity. These results supported the hypothesis tested by showing that the degree of barrier function alterations induced by topical application of water-soluble test substances to stratified human corneal epithelial cell cultures correlates with ocular irritancy. Furthermore, the data suggest that these protocols can serve as useful screening assays for the eye irritation potential of water-soluble chemicals and surfactant-based product formulations, and they have (Gettings et al., 1996) . The numbers identify the formulations tested, as listed in Table 2 . Dashed lines represent the 95% confidence interval for the in vitro data, and r indicates Pearson's correlation coefficient between the in vitro and in vivo data. Symbols and error bars represent the mean ± SE for results from replicate TER assays each based on triplicate determinations. Symbols that do not show error bars had error bars smaller than the symbol. the potential to be developed into test systems which predict ocular toxicity.
The comparison of the data from the HCE-T TEP and TER assays suggests some significant differences. The TER response appears to be a more sensitive parameter of barrier function alteration in the HCE-T model. This has generally been expressed by a shift of the TER concentration-response curve to lower concentrations when compared to the TEP curve (Fig. 2) . Mechanistically, this suggests that the perturbation of tight junctions occurs earlier or to a greater extent than changes in permeability to large molecules during the cytotoxic response induced in this tissue by ocular Pearson's correlation coefficients (r) are given. They represent the linear regression analysis between the TER assay R x and Draize data sets for the test materials. The sign of the r value indicates the slope of the regression curve. The R x is the concentration at which the test material causes the electrical resistance to decrease to 50% relative to the negative control. The Draize data include the maximum average score (MAS) and the following subscores: whole cornea (CS), comeal opacity (CO), comeal area (CA), Iris (I), conjunctival redness (CR), conjunctival chemosis (CC), conjunctival discharge (CD), and days to clear (DTC) as obtained from the ECETOC Eye Irritation Reference Chemicals Data Bank (ECETOC, 1992) and the CTFA Evaluation of Alternatives Program Phase IE (Gettings et ai., 1996) . 4 The number of test materials of a specific type that were evaluated. ' Listed in Table 2 . 4 Listed in Table 1 . ' These materials represent a subset of those listed in Table 2 , and they have the following identity numbers. 4, 5, 6, 8, 9, 10, 13, 16, 17, 18, 22, and 25. /-These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 2, 4, 6, 10, 14, 16, and 17. 1 These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 1, 3, 13, 18, 19, and 20. * These materials represent a subset of those listed in Table 1 , and they have the following identity numbers: 5, 7, 8, 9, 11, 12, and 15. irritants (Ward et al., 1997) . Consequently, the TER assay may be more sensitive than the TEP assay in discriminating mildly irritating substances. This relationship is also suggested by the lower in vitro variability demonstrated in the TER data from the mildest (lowest Draize scores) product formulations, sample Nos. 1, 2, and 3 (Fig. 4B) , when compared to that in the corresponding TEP data (Fig. 3B) . The potential utility of barrier function assays in the HCE-T model for supporting the safety assessment of personal care product formulations and their ingredients is demonstrated by the results of this study. Good correlations between in vitro data and Draize MAS indicate the ability of the TEP assay to serve as a screen for corneal toxicity and ocular irritation. The TEP assay was generally more able than the TER assay to generate in vitro data that correlated with Draize data from a number of diverse samples types. The present results give some confidence in the useful application of this test for ranking water-soluble substances according to their relative in vitro toxicity and their potential to cause eye irritation. Consequently, a practical approach for productively using this system would be to conduct comparative evaluations of a test substance with a benchmark sample having a known toxicity profile. Such information in conjunction with historical toxicological data on related ingredients or formulations, and information from other alternative test systems, may serve to adequately profile the ocular toxicity of water-soluble compounds and formulations.
The decreased ability of the current TER protocol to provide good correlative data with a variety of chemicals may reflect the need for additional protocol development. Future work is planned to evaluate the TER response soon after treatment, as is done in the TEP protocol, to generate data which may correlate better with in vivo toxicity. Additional work is planned to support a more comprehensive application of the HCE-T model barrier function assays. This includes the development of protocols which accommodate both solid and water-insoluble substances. Also, development of a time-response protocol may provide a system which can better discriminate among mildly irritating substances. Such protocols have been applied with other multilayer in vitro cellular models to assess the ocular irritancy of test samples (Kubilus et al., 1996; Osborne et al., 1995) . The evaluation of recovery from toxicity in the HCE-T model in terms of TEP, TER, and other cytotoxicity end points is currently an ongoing project (Ward et al., 1994 (Ward et al., , 1997 . Ongoing research and development with the HCE-T model is expected to support its application to the safety assessment of a wide variety of consumer products and their ingredients.
